Powers MJ, Wood CE. Ketamine inhibits fetal ACTH responses to cerebral hypoperfusion. Am J Physiol Regul Integr Comp Physiol 292: R1542-R1549, 2007. First published December 7, 2006; doi:10.1152/ajpregu.00300.2006.-The present study tested the effect of ketamine on the fetal reflex responses of lategestation sheep to brachiocephalic occlusion (BCO), a stimulus that mimics the reduction in cerebral blood flow that results from severe fetal hypotension. Ketamine, a dissociative anesthetic and known noncompetitive antagonist of N-methyl D-aspartate (NMDA) receptors, has previously been shown to impair chemoreceptor responsiveness. Studies from this laboratory suggest that fetal reflex ACTH responses to hypotension are largely mediated by chemoreceptors; therefore, we hypothesized that ketamine would inhibit the reflex hormonal response to BCO. Chronically catheterized fetal sheep were subjected to acute cerebral hypoperfusion through occlusion of the brachiocephalic artery. Fetal blood pressure and heart rate were continuously recorded, and fetal blood samples drawn during the experiment were analyzed with specific hormone assays. Our results demonstrate that ketamine attenuates hemodynamic responses to cerebral hypoperfusion and is a potent inhibitor of ACTH and proopiomelanocortin (POMC)/pro-ACTH release. These data support the hypothesis that fetal reflex responses hypotension are chemoreceptor mediated. Given the potency with which ketamine inhibits ACTH response to fetal hypotension, we suggest that the use of ketamine or other anesthetic or analgesic drugs that block or otherwise interact with the NMDA-glutamate pathways, in late pregnancy or in preterm newborns be reconsidered. chemoreceptor; baroreceptor; adrenocorticotropin; proopiomelanocortin; NMDA; glutamate FETAL SHEEP RESPOND TO HYPOXIA (7, 17, 18), hypotension (57, 65), and hypovolemia (43, 44) with increases in circulating concentrations of ACTH, vasopressin, and cortisol via activation of the hypothalamic-pituitary-adrenal (HPA) axis. In both the fetus and adult, neuroendocrine activation to hypotension and hypoxemia is mediated by changes in afferent neural activity of arterial baroreceptors and chemoreceptors (40, 50, 57, 65, 69) . Data from our laboratory indicate that hormone responses in the fetus might be mediated more strongly through chemoreceptors than baroreceptors (67).
FETAL SHEEP RESPOND TO HYPOXIA (7, 17, 18) , hypotension (57, 65) , and hypovolemia (43, 44) with increases in circulating concentrations of ACTH, vasopressin, and cortisol via activation of the hypothalamic-pituitary-adrenal (HPA) axis. In both the fetus and adult, neuroendocrine activation to hypotension and hypoxemia is mediated by changes in afferent neural activity of arterial baroreceptors and chemoreceptors (40, 50, 57, 65, 69) . Data from our laboratory indicate that hormone responses in the fetus might be mediated more strongly through chemoreceptors than baroreceptors (67) .
The apparent dependence of the fetus on peripheral chemoreceptors for generation of reflex responses to central hypotension and hypoxemia suggests that the responses will be vulnerable to drugs that inhibit the fetal chemoreflex. Ketamine, a dissociative anesthetic and known noncompetitive inhibitor of glutamatergic N-methyl-D-aspartate (NMDA) receptors, blocks the fetal reflex bradycardic response to maternal ventilatory hypoxia (8) . Given that neurotransmission within cardiovascular centers of the brain stem are largely glutamatergic and mediated by both NMDA and non-NMDA receptors (48) , we reasoned that ketamine might block the reflex ACTH response to cerebral hypoperfusion in the fetal lamb, similarly to the effect produced by denervation of baroreceptors and chemoreceptors. Cerebral hypoperfusion produced by brachiocephalic occlusion (BCO) is a stimulus that mimics the reduction in cerebral blood flow that results from severe fetal hypotension and potently stimulates the HPA axis (58) . We designed the present study to test the hypothesis that ketamine blocks the reflex ACTH response to BCO.
MATERIALS AND METHODS
These experiments were approved by the University of Florida Animal Care and Use Committee and were performed in accordance with the Guiding Principles for Use of Animals of the American Physiological Society. We studied 18 fetal sheep of known gestational ages. Pregnant ewes of mixed western breeds all had singleton (n ϭ 11) and twin (n ϭ 7) pregnancies of 124 -135 days (term ϭ 148) at the time of experimentation.
Fetal Surgery
Fetal surgery was performed as previously described (58) . Food was withheld from the pregnant ewe for 24 h before surgery. Before and during surgery, the ewe was anesthetized using 0.5-2% halothane in oxygen. Using aseptic techniques, the uterus was exposed with a midline incision. The fetal hindlimbs were delivered through a small incision in the uterus and a polyvinylchloride catheter (0.030 in ID, 0.050 in OD) was inserted into each tibial artery and the tip advanced to the subdiaphramatic aorta. Catheters (0.040 in ID, 0.070 in OD) were also inserted into the saphenous veins bilaterally. After closure of the skin incision, the amniotic fluid was catheterized using a polyvinylchloride catheter (0.050 in ID, 0.090 in OD) sutured to the exterior of one hindlimb. The hindlimb was returned to the amniotic cavity, and the uterine incision was closed. The uterus was next incised near the fetal head. The head was delivered and a single midline incision was made over the trachea at the level of the angle of the jaw. Both lingual arteries were exposed and catheterized (0.030 ID, 0.050 in OD), and the tips advanced retrograde into the common carotid arteries. The incision was closed and the catheters sutured to the skin rostral to the incision. The left forelimb was then delivered and the chest exposed to the level of the third intercostal space. The left side of the fetal chest was incised, the ribs spread between the 2nd and 3rd intercostal space using Weatlander retractors. An extravascular balloon occluder (In Vivo Metric, 8-mm diameter, Healdsburg, CA) was then placed around the brachiocephalic artery. The incision was then closed, the fetus returned to the uterus, and the uterine incision was closed. Ampicillin (750 mg, Polyflex, Ft. Dodge Laboratories, Ft. Dodge, IA) was administered into the amniotic cavity before closure of the maternal linea alba and skin in separate layers. The catheters were routed subcutaneously to an incision in the maternal flank where they were protected within a fabric pocket that was kept in place underneath a commercial bandage wrapped around the ewe (Spandage, Medi-Tech International, Brooklyn, NY).
All ewes were treated with ampicillin (750 mg sc), and rectal temperatures and food consumption were recorded twice a day for 5 days following the surgery. The ewes were monitored for fever, anorexia, lethargy, and other signs of infection or distress.
In Vivo Experimental Procedures
Thirty minutes before the experiment, the pregnant ewe was moved to an experimental cart within the room in which it was housed and was allowed free access to food. Each fetus was subjected to one experiment. One lingual, one aortic, and the amniotic fetal catheter were connected to transducers (Cobe Instruments, Lakewood, CO) for measurement of fetal arterial and amniotic fluid pressures and heart rate from femoral arterial pressure pulse. Lingual arterial pressure was measured to verify occlusion. Measurements were transmitted to an on-line data acquisition system (Labview ver. 6.01, National Instruments, Austin, TX). Lingual, femoral arterial, and amniotic fluid pressures were recorded for a total of 35 min for the control group and 50 min for ketamine-treated fetuses. One-minute averages of fetal heart rate and vascular and amniotic pressures were recorded. In fetuses that received ketamine, a blood sample was drawn before the drug was administered to determine basal hormone values. Ten minutes before occlusion, a subset of animals received 10 mg ketamine hydrochloride (Ketaject, estimated to be ϳ3 mg/kg, Phoenix Scientific, St. Joseph, MO) infused into the venous catheter (n ϭ 4). A blood sample was drawn from control animals prior to BCO, but no drug was administered (n ϭ 14). In both groups, cerebral hypoperfusion was initiated by maximal inflation of the brachiocephalic occluder with 2 ml saline starting at 0 min and lasting 10 min. The second fetal femoral catheter was used to collect fetal arterial blood samples (5 ml) at 0, 5, 10, 20, and 30 min. In twin pregnancies, only one of the twins underwent occlusion. In the ketamine group, 3 of the 4 fetuses had twins, and in the control group, 4 of the 14 fetuses had twins.
Blood samples were placed in chilled tubes containing K 2EDTA (10.8 mg, Vacutainer, Becton Dickinson, Franklin Lakes, NJ). An additional 1.5 ml of blood was drawn anaerobically into syringes coated with heparin for measurement of blood gases using an ABL77 analyzer (Radiometer, Copenhagen, Denmark). Blood samples were kept on ice until centrifuged at 3,000 g for 20 min at 4°C (Sorvall RT 6000B, Dupont, Newton, CA). After centrifugation, the plasma was divided into aliquots, transferred to polypropylene tubes, and stored at Ϫ20°C until hormones were assayed.
Hormone Assays
ACTH. Plasma ACTH concentrations were measured using a commercially available immunoradiometric assay (Diasorin, Stillwater, MN) according to manufacturer's instructions. Polystyrene beads coated with a purified polyclonal goat antibody specific for ACTH 26 -39 was incubated for 24 h at room temperature with fetal plasma (200 l) and 125 I ACTH tracer (50 l) labeled monoclonal antibody specific for ACTH1-17. The unbound radioactivity was then washed with a provided buffer, and the bound radioactivity was measured with a gamma counter. As characterized by Myers and colleagues, this assay measures only ACTH (31) .
Proopiomelanocortin/pro-ACTH. Plasma proopiomelanocortin (POMC)/pro-ACTH concentrations were measured using a commercially available enzyme immunoassay kit (IDS, Boldon, UK), as per the manufacturer's instructions. This assay recognizes both POMC (31 kD) and pro-ACTH (22 kD). Fetal plasma samples (100 l) were assayed in duplicate in an anti-mouse POMC monoclonal antibody precoated 96-well microplate. The samples were incubated at room temperature overnight in buffer containing BSA and heparin. The plate was then washed with buffer provided by the manufacturer and incubated for 2 h at room temperature with biotinylated anti-POMC mouse monoclonal antibody. The plate was washed again before incubation for 30 min at room temperature with avidin-linked horseradish peroxidase enzyme conjugate. After a final wash, tetramethylbenzidine plus hydrogen peroxide substrate was added for 30 min, and the reaction was stopped with 0.5M HCl. The plate was then read at 450 nM on a microplate reader (Tecan Group Limited, Salsburg, Austria).
Cortisol. Plasma cortisol concentrations were measured using a commercially available enzyme immunoassay (EIA) kit (Oxford Biomedical Research, Oxford, MI; catalog number EA65) according to manufacturer's instructions. Fetal cortisol was extracted from plasma (10 l) after deproteinization in ethanol (1 ml) in borosilicate glass test tubes (12 ϫ 75 mm). After centrifugation to pellet the precipitated plasma proteins, the ethanol was evaporated in a Jouan evaporative concentrator (Jouan, Winchester, VA). The extracted steroids were reconstituted in the provided assay buffer (120 l). Samples (50 l) were assayed in duplicate in an anti-rabbit antibody precoated 96-well microplate using rabbit anticortisol horseradish peroxidase concentrate enzyme conjugate for 1 h at room temperature. After washing with the provided buffer, the plate was developed for 30 min with tetramethylbenzidine plus hydrogen peroxide substrate and the reaction was stopped with 1 N HCl. The plate was then read at 450 nM, as described above.
Calculations and statistics. Data are presented as mean values Ϯ SE. Fetal lingual and femoral arterial blood pressures were corrected by subtraction of amniotic fluid pressure. For analysis of acute fetal heart rate responses to BCO, heart rate averages were calculated in 10-s bins off-line. Acute changes in fetal heart rate were calculated as the difference between the average heart rate in the first 10 s of the occlusion and the average heart rate in the 10 s immediately preceding the occlusion. Cortisol values were logarithmically transformed to correct for heteroscedasticity. Unless stated, plasma hormone, blood gas/pH, blood pressure and heart rate data were analyzed by two-way ANOVA corrected for repeated measures in one dimension (time), and if significant, by Bonferroni criterion. All statistics were performed using SPSS ver. 13.0 for Windows (SPSS, Chicago, IL).
RESULTS

Cardiovascular Variables
Fetal arterial blood gases, pH, and base excess are reported in Table 1 . In control fetuses, brachiocephalic occlusion stimulated increases in Pa O 2 (P Ͻ 0.001) and Pa CO 2 (P Ͻ 0.05) at 5 min, presumably due to increased perfusion of the placenta. In addition, changes in pH following BCO were statistically significant (P Ͻ 0.001). Fetuses receiving ketamine before occlusion became progressively hypoxic compared with control fetuses (P Ͻ 0.05). Base excess decreased in both groups (P Ͻ 0.05 for main effect of time in two-way ANOVA), suggesting that BCO produces metabolic acidemia. Interestingly, there was a significant difference between groups (P Ͻ 0.05 for the main effect of group in two-way ANOVA), but no significant interaction term in the ANOVA, indicating that the changes in base excess were similar in the two groups throughout the period of study. Ketamine also modestly increased arterial blood pressure prior to BCO (P Ͻ 0.05, data not shown).
During BCO, a significant decrease in lingual blood pressure (P Ͻ 0.001, Fig. 1A ) and increase in femoral pressure was observed in the control group (P Ͻ 0.001, Fig. 1B ). Similar alterations in blood pressure were observed in ketamine-treated fetuses; however, both lingual and femoral responses were attenuated compared with the control group (P Ͻ 0.05).
Control fetuses experienced a biphasic heart rate response to BCO. An initial transient bradycardia occurred during the first 10 s of occlusion (Ϫ15 Ϯ 4.2 min Ϫ1 , P Ͻ 0.01 by paired t-test) and continued in 9 of 14 fetuses for up to 3 min. This phase was followed by a sustained tachycardia that continued through minute 23 of the experiment (Fig. 1C) . By comparison, heart rate in ketamine-treated fetuses did not significantly change during the onset of BCO (0 Ϯ 0.4 min Ϫ1 , P Ͼ 0.05) and significantly increased only during the last minutes of hypotension (P Ͻ 0.05). Heart rate in this group was significantly lower than control fetuses for ϳ10 min after the occlusion was released.
Endocrine Variables
Ketamine did not alter pre-BCO plasma hormone concentrations. ACTH and POMC/pro-ACTH levels before drug injection were 28.2 Ϯ 5.5 pg/ml and 26.4 Ϯ 3.6 pM, respectively (means Ϯ SE). Plasma cortisol concentration before ketamine infusion was 17.8 Ϯ 3.8 ng/ml (means Ϯ SE). Compared with control fetuses, cortisol levels in ketaminetreated fetuses were significantly higher before BCO (0 min) (P Ͻ 0.001, Fig. 2C ).
BCO robustly increased plasma concentrations of ACTH, POMC/pro-ACTH, and cortisol in the control group (P Ͻ 0.001, Fig. 2 ). Pretreatment with ketamine effectively inhibited both the ACTH and POMC/pro-ACTH responses to BCO. Hormone values at 10, 20, and 30 min were significantly attenuated in ketamine-treated animals compared with controls (P Ͻ 0.001, Fig. 2, A and B) . Unlike ACTH or POMC/pro-ACTH, cortisol responses to BCO were not attenuated by ketamine. Plasma cortisol concentrations in ketamine-treated fetuses were significantly increased at 20 min compared with nadir levels occurring 5 min into occlusion (P Ͻ 0.01) (Fig. 2C) .
DISCUSSION
In the present study, we tested the effect of ketamine (ϳ3 mg/kg) on the fetal reflex responses of late-gestation sheep to brachiocephalic occlusion, a stimulus that mimics the reduction in cerebral blood flow that results from severe fetal hypotension (58) . The results demonstrate that ketamine blunts the hemodynamic reflex responses to BCO and is a potent inhibitor of the ACTH and POMC/pro-ACTH release.
Fetal sheep defend challenges to cardiovascular homeostasis by neuroendocrine responses that include increases in circulating concentrations of ACTH, vasopressin, and cortisol (7, 43, 44, 57, 65) . These responses are dependent on the integrity of afferent neural activity from the carotid sinus (57, 65) . Although it is known that both fetal baroreceptors and chemoreceptors are active during fetal life (6, 22, 71), fetal arterial blood pressure may be regulated at levels only slightly above the threshold for activation of the carotid sinus baroreceptors (5), suggesting a prominent role for the central and peripheral chemoreceptors. Secretion of ACTH, vasopressin, and renin are stimulated by fetal acidemia (66), hypercapnia (13) , and hypoxia (7, 17, 39, 68) and are mediated through both central (39) and peripheral (68) chemoreceptors. In addition, progressive hemorrhage in the fetal sheep stimulates hormonal and hemodynamic responses that are more highly correlated with changes in arterial blood gases than blood pressure (67) .
Central neuronal pathways mediating the chemoreflexes and baroreflexes have been well characterized. Afferent signaling from baroreceptors and chemoreceptors is relayed to glutamatergic neurons in the nucleus of the solitary tract (NTS) of the medulla through both NMDA and non-NMDA receptors (59, 60) to alter autonomic nervous system responses. HPA activation is coordinated through catecholaminergic projections connecting the medulla with the paraventricular nucleus (PVN) of the hypothalamus (24, 29, 36) . ACTH release in the fetus also involves NMDA receptor-mediated glutamatergic synapses (10, 33) .
The dependence of the fetus on central and peripheral chemoreceptors for generation of reflex responses to cardiovascular stress suggests that the responses will be vulnerable to drugs that inhibit the fetal chemoreflex. Ketamine, a dissociative anesthetic used in adults and children, acts primarily as a noncompetitive antagonist of NMDA receptors (2, 55) . Although the anesthetic has reported direct negative inotropic actions on isolated heart (53) and cardiomyocyte preparations (19, 46) , substantial evidence suggests that ketamine primarily affects cardiovascular function through changes in central afferent signaling via NMDA receptors within the brain stem (23, 49, 51, 63) . For example, in adult rats intravenous ketamine attenuates blood pressure and heart rate responses to the reduction of cerebral blood flow as a result of traction of the carotid artery or direct NMDA injection into the NTS (35) . In the fetal lamb, ketamine attenuates chemoreceptor responsiveness through a reduction of the bradycardic response to maternal ventilatory hypoxia (8) and prevents fetal hypertension and bradycardia produced by partial cord occlusion (54) .
Arterial Pressure
BCO produced a significantly reduced arterial pressure within the carotid sinus (as measured by a fall in lingual pressure) and increased femoral pressure in both groups, similarly to previous studies (57, 58) . Although the initial fall in lingual pressure of ketamine-treated fetuses was similar to controls, the average lingual pressure within the ketamine Data are presented as means Ϯ SE; n ϭ 14 for control measurements, and n ϭ 4 for ketamine-treated (Ket) measurements taken at 0, 5, 10, 20, and 30 minutes (brachiocephalic occlusion occurs between 0 and 10 minutes). *P Ͻ 0.001, †P Ͻ 0.05, statistically significant difference when compared within group to baseline value at 0 min. ‡P Ͻ 0.05, statistically significant difference between groups.
group was significantly higher, possibly the result of ketamineinduced cerebral vasodilation. Other investigators have reported that ketamine vasodilates cerebral vessels both in vivo and in vitro (41, 64) . With the exception of one fetus, the range of lingual pressure values in the two groups overlapped, and the hormonal responses did not correlate to the magnitude of the drop in pressure. In addition, the reflex femoral arterial pressure response to BCO was attenuated compared with the control group. These data agree with previous studies demonstrating that ketamine suppresses afferent signaling of chemoreceptors and baroreceptors through the antagonism of central NMDA receptors.
Heart Rate
The bradycardic component of chemoreflex activation is mediated by central NMDA receptors rather than other excitatory amino acid receptors (27) . In this study, control fetuses experienced initial transient bradycardia in response to cerebral hypoperfusion, whereas this effect was not seen in ketaminetreated animals. These data agree with other studies demonstrating that ketamine attenuates bradycardic responses to both maternal hypoxemia (8) and partial umbilical cord occlusion (54) . Tachycardia during and following BCO was likely a direct effect of cerebral ischemia.
Blood Gas/pH
Fetal blood gases and pH are highly dependent on umbilicalplacental blood flow and, secondarily, fetal arterial blood pressure (21, 45) . We propose that the difference in fetal blood gas responses to BCO in the present study was the result of the attenuation of the increase in fetal blood pressure caused by ketamine. That is, control fetuses responded to BCO with a greater increase in oxygen tension, likely the result of increased umbilical-placental perfusion (poor autoregulation in this vascular bed allows increased perfusion in response to increased arterial pressure). Femoral blood pressure was not increased as dramatically in the ketamine-treated fetuses and perhaps contributed to the observed hypoxemia in this group. Although reports of the effects of ketamine on uterine tone are controversial (16, 28) , an increase in uterine tone producing decreased placental blood flow may also have caused fetal hypoxemia in this group. Finally, a slight metabolic acidemia was observed in response to BCO in both groups. This finding is in agreement with previous studies demonstrating that maternal administration of ketamine does not cause or worsen metabolic acidosis under normal (14, 26) or asphyxic (38, 54) fetal conditions.
ACTH and POMC/pro-ACTH
In this study, BCO stimulated robust increases in circulating ACTH and POMC/pro-ACTH in control fetuses. Ketamine pretreatment completely inhibited these reflex responses. These results are consistent with previous studies from this laboratory demonstrating reduced ACTH release after interruption of chemoreceptor and baroreceptor afferents by carotid sinus denervation (57, 65) and suggest that fetal ACTH responses to hypotension are, in part, mediated by the chemoreflex or baroreflex. Given the ability of NMDA to stimulate ACTH release in the late-gestation fetal sheep (9, 33), it is possible that ketamine inhibited ACTH secretion by blocking Fig. 1 . Fetal lingual and femoral blood pressures and heart rate. The lingual and femoral arterial blood pressures and heart rate of fetal sheep before, during, and after a 10-min period of brachiocephalic occlusion (indicated by hatched areas) with (E, n ϭ 14) or without (F, n ϭ 4) pretreatment with 3 mg/kg ketamine. Data are presented as means Ϯ SE. Baseline is considered to be at Ϫ5 min. A: a P Ͻ 0.001. During occlusion, lingual pressure significantly decreased from baseline in both groups. *P Ͻ 0.05, significant interaction of time ϫ group. B:
b P Ͻ 0.001. Femoral pressure increased significantly from baseline during occlusion in both groups. *P Ͻ 0.05, significant interaction of time ϫ group. C: c P Ͻ 0.001. Fetal heart rate significantly increased from baseline during and after occlusion in control fetuses.
d P Ͻ 0.05. Heart rate increased above baseline in ketamine-treated fetuses. *P Ͻ 0.05, significant interaction of time ϫ group. NMDA-mediated neurotransmission in the PVN. We know of no other studies investigating the effects of ketamine on HPA activation to hypotension. Nistico et al. (34) demonstrated that ketamine inhibited corticosterone secretion to the stress of handling and laparotomy, an effect that could also involve blockade of PVN NMDA receptors.
We believe that the near-complete inhibition of ACTH and POMC/pro-ACTH response to BCO in ketamine-treated animals is not simply the result of the attenuated drop in carotid sinus pressure during BCO or to the increase in blood pressure before BCO in this group. Fetal vena caval occlusion, for example, decreases mean arterial pressure to an extent similar to that seen in ketamine-treated fetuses (ϳ25 mmHg) and produces a robust ACTH release (57) . Before BCO, the ketamine-induced increase in arterial blood pressure would be expected to inhibit fetal ACTH secretion (by baroreflex); nevertheless, we did not observe inhibition of pre-BCO HPA activity, and we believe that the transient hypertension produced by ketamine would have been an insignificant influence on the response to BCO because of its timing and relatively small magnitude. In other experiments in this laboratory, we have found that intracerebroventricular injection of nimesulide, a cyclooxygenase-2 inhibitor, increases fetal arterial blood pressure by a similar magnitude but does not block the fetal ACTH response to BCO (42) . Finally, it is unlikely that the inhibition of stress-induced ACTH release in this study is a consequence of direct ketamine action on the pituitary. Little to no NMDA receptor expression within corticotropes has been observed (4). In addition, the integrity of the PVN is necessary for ACTH and corticosterone release to intravenous NMDA (72) .
Previous data from the laboratory suggests that the majority of the radioimmunoassayable ACTH that circulates in fetal plasma during and after hypotension is POMC and/or 22 kDa pro-ACTH. The results of the two-site IRMA analysis of plasma ACTH concentrations in the present study suggest that the concentrations of the fully processed peptide are low relative to POMC and pro-ACTH. This conclusion is consistent with work previously reported by Rose and colleagues (11, 12) and other investigators (47, 56) who have reported that the biologically active ACTH in plasma is a small proportion of the total immunoassayable peptide.
Cortisol
Ketamine is known to stimulate adrenocortical activity in adult rats (15, 34) and humans (1, 25) . Although higher than the control group, we did not observe an increase in circulating cortisol to ketamine application before BCO. The reasons for this are unclear but might be related to possible postnatal development of specific glutamatergic pathways controlling PVN function or pharmacokinetics of drug action in the fetus relative to postnatal ages. These data also suggest that ketamine does not have a direct effect on the adrenal cortex in the fetal animal. NMDA subunits are present in the adult rat adrenal medulla but not in the adrenal cortex (20) . Potential actions of ketamine at other central receptors, however, cannot be ruled out (52, 61) .
The significant difference in basal levels (0 min values) of cortisol between the two groups is an interesting finding that is most likely a result of placental transfer of elevated maternal cortisol. Elevated levels of cortisol can inhibit the release of pituitary hormones through negative feedback (70); however, we do not think that negative feedback explained the suppression of ACTH and POMC/pro-ACTH responses to BCO after ketamine. Retrospective linear regression analysis did not reveal any statistically significant relationship between pre-BCO cortisol concentrations and peak ACTH values after BCO.
Cortisol secretion during BCO in ketamine-treated fetuses was significantly increased only at the 20-min time point compared with nadir levels at 5 min. This is in contrast to control animals, which demonstrated significantly stimulated cortisol levels at the 10-, 20-, and 30-min time points compared with nadir levels at 0 min. This may suggest that cortisol levels are attenuated during BCO in ketamine-treated fetuses; however, circulating levels of this hormone were not significantly different between groups. While ACTH and POMC/pro-ACTH release during cerebral hypoperfusion is clearly reduced by ketamine, further study of cortisol release during BCO may be necessary to reach a definitive conclusion about the regulation of this hormone during hypotensive stimuli.
Interestingly, these data are similar to previous studies in this laboratory, which demonstrated normal adrenocortical activation to hypotension in sinoaortic denervated fetuses despite the attenuated ACTH response (57, 65) and suggest that other factors may contribute to cortisol release during cardiovascular stress in the fetus. Splanchnic innervation of the adrenal (30, 32) and paracrine interactions of glucocorticoids and catecholamines controlled by vasoactive intestinal peptide (3) have been shown to mediate non-ACTH-dependent release of cortisol. Other stress-induced hormones, such as prolactin, may also stimulate fetal adrenocortical activation or participate in the increase of adrenal sensitivity to ACTH (37, 62) . Finally, it is also possible that by changing the distribution of combined ventricular output, BCO decreased the metabolic clearance rate of cortisol or increased the rate of cortisol transfer from the maternal to the fetal circulation. While BCO stimulates reflex cardiovascular compensation, changes in cortisol clearance or transplacental transfer during BCO have not been investigated.
In conclusion, our results demonstrate that ketamine potently inhibits ACTH and POMC/pro-ACTH release and abolishes bradycardic responses during cerebral hypoperfusion. This blockade is consistent with the known actions of ketamine at central NMDA receptors of the cardiovascular regulatory centers of the medulla and the known role of NMDA-mediated glutamatergic pathways in the control of the HPA axis. We propose that ketamine, through antagonism of central NMDA receptors, blocks the chemoreflex activation of these afferent pathways, thereby preventing hormonal and chronotropic responses to BCO.
Perspectives
The HPA axis is a critical component of the ability to survive stress, both in adult and fetal animals. Our previous work suggests that chemoreceptor pathways are a major influence on fetal HPA responses to cardiovascular stresses, such as hypoxia and hypotension, and it seems likely that there is a similar dependency upon chemoreception in preterm infants. Because of the dramatic effect of ketamine on fetal HPA responsiveness to hypotension, it seems logical to propose that the use of ketamine or other NMDA-antagonists would be ill advised in late pregnancy or in the neonatal intensive care unit because they will interfere with the reflex responsiveness to cardiovascular stress.
